Abstract: Platinum group elements (PGEs) are an important resource for many applications, such as automotive catalytic converters for vehicles, jewelry, electrical devices and as catalysts in the chemical and petroleum industries. At present, the greatest share of global PGE supply is extracted from the South African Bushveld Complex and from the Zimbabwean Great Dyke. In this context, this article provides a comprehensive summary of detailed mining data between 2010 and 2015 and discusses these in regard to the global PGE market. On the supply side, the data reveal that the production volumes as well as the ore grades fluctuated in recent years, while the mining and processing of economically less favorable Upper Group 2 (UG2) ore increased. The average head grade from 2010 to 2015 was 3.58 g 6E/t. In the long term, the ore grades decreased. On the market side, PGE prices and increasing (primary) production costs can be observed. On the market side, the demand for vehicles is expected to grow globally resulting in an increase in PGE demand. At the same time, secondary production is expected to increase and will eventually compete with primary production. These findings indicate challenging conditions for the Southern African PGE industry.
Introduction
Several distinctive properties of platinum group elements (PGE) make them crucial to numerous industrial applications [1] . They are used in a broad variety of chemical processes and industrial products, including catalytic converters, jewelry, electrical devices and as catalysts in the chemical and petroleum industries. PGEs include platinum (Pt), palladium (Pd), rhodium (Rh), ruthenium (Ru), iridium (Ir), and osmium (Os) (Platinum group elements (PGE) occur together in nature (in combination with minor gold (Au)). The denominations 3E PGE, 4E PGE and 6E PGE refer to Pt + Pd + Au, Pt, Pd, Rh + Au and Pt + Pd + Rh + Ru + Ir + Au, respectively). These metals share several useful characteristics including their ability to catalyze chemical reactions, to resist corrosion, and their high conductivity, density and melting point [2] .
PGEs are therefore used in multiple applications in:
1. the automotive industry as catalytic converters (for flue gas treatment to meet the given emission standards) and in fuel cells; 2.
the chemical industry as catalysts for the production of silicones, fertilizers, explosives, and nitric acid, etc.;
Africa. A discussion of the environmental aspects of PGE production in Southern Africa based thereon is presented in part II of this article (see part II [17] ).
PGE Demand, Supply and Price Developments
The Southern African PGE industry is embedded in a complex market that is mainly influenced by [18, 19] :
• On the demand side, the economic growth in many countries (e.g., China) that has increased the number of participants in the PGE market and resulted in an increase in demand for a broad variety of applications.
•
On the supply side, secondary producers who started entering the market about two decades ago, providing an alternative to primary PGE production.
In this context, the worldwide use and production of PGEs as well as the global price developments for selected PGEs are given in the following to display the global interdependencies of the Southern African mining industry. Figure 1 shows the global demand of PGEs per industry sector for the last decades. For Pt, Pd and Rh the largest consumers are the automotive industry and the jewelry market. In the case of Pt, the catalytic converter market drives the increase in demand, whereas the demand for investment and jewelry decreased. In 2014, the Pt demand for catalytic converters accounted for 40% of total Pt demand and 65% of industrial Pt demand.
Use and Demand
Europe and North America are the most important markets due to the use of Pt in automotive exhaust catalysts. The demand for jewelry mostly originates from Asia [18, 20] . In the past five years, market behavior, especially in China, has changed; the demand for jewelry decreased in line with prices as decreasing prices resulted in the perception of consumers that Pt is not such a solid investment as expected [20] . Before that, the demand for jewelry increased when prices decreased and vice versa. The demand of the petroleum industry depends on the build-up of production capacities, whereas the demand of the electronic industry is linked to the demand for consumer goods. In the years following the August 2007 financial crisis, the increase in total demand was largely met by an increase in recycling [21, 22] .
The demand for Pd is also dominated by the automotive market. Pd superseded Pt in three-way catalysts in recent years and is gradually taking over the market share of Pt in the catalytic converter market. Pd is superseded by other materials in the case of electric consumer goods [21] .
The demand for Pt and Pd is expected to grow in the upcoming decade. The demand increase originated from the demand of the automotive industry. In many countries with growing markets, such as India, Russia, China and Brazil, stricter legislation regarding exhaust gas emissions from vehicles will most likely be introduced resulting in an increase in demand for exhaust gas catalysts [20, 23, 24] . The estimated extent of growth varies among experts; Jollie [25] predicts compound annual growth rates (CAGRs) of total Pt and Pd demand of 1.0 and 1.1%/a for Pt and Pd, respectively [25] . Based on the reported demand, production and recycling estimates for the period from 2017 to 2021 by Jollie [20] , CAGRs of 0.4, 1.7 and 3.3%/a for primary production, recycling and demand of Pt can be derived. Zhang et al. [23] predict CAGRs of automotive PGE demand of 0.6 and 3.9%/a for Pt and Pd, respectively, for the period up to 2030 [23] . A contradictory trend can be seen in the automotive market (primarily) in the United States, China and Europe that is experiencing a further change from vehicles with internal combustion engines to electric vehicles [26] [27] [28] . At present, electric vehicles typically use lithium ion batteries (and no automotive exhaust catalysts are needed) [28] . Hence, an increase in electric vehicles reduces the demand for PGEs [29] .
In the case of Ru and Ir, the highest demand originates from the electronic industry. Ir is used to produce light-emitting diodes (LEDs) for displays and touchscreens [30, 31] . The production of these products resulted in the sharp increase in demand (and price) that can be observed in 2010 [32] . The use of cheaper substitutes resulted in a decrease in demand and a resulting price drop. Likewise, the demand for Ru decreased in recent years due to the substitution of 'traditional' hard disks by flash drives [33, 34] . Rh, as well as Pt and Pd, are mainly used by the automotive industry, accounting for more than three quarters of total demand [35] . Beside this, Rh is used in the glass industry [36] . In this case, the Rh demand of glass manufacturers fluctuates due to the substitutability of Rh and Pt in glass manufacturing. The demand of Rh is predicted to grow by 2.2%/a until 2030 [23] .
This selection of examples shows that the demand of all PGEs strongly depends on world economic conditions, either related to global sales of vehicles or related to the demand for electronic consumer products. In all cases, the industry substitutes a certain PGE by cheaper alternatives, if available [34] .
Primary and Secondary Production
On a global scale, PGEs are obtained from primary sources (i.e., ore mined, e.g., in South Africa, Russia and Canada) and from secondary sources (i.e., recycled material). Both sources are discussed in detail below.
Primary sources. In 2014, most of the global primary Pt and Pd produced came from South Africa (Pt ca. 64%, Pd ca. 30%) and Russia (Pt ca. 16%, Pd ca. 43%) [11] . The global Pt production decreased from about 193 t in 2010 to approx. 146 t in 2014; this represents a decrease of roughly 25% (Figure 1 ). Similar to this development, the global Pd production also declined from 208 t (2010) to 193 t (2014), amounting to a decrease of about 8%. In 2014, the main share of other PGE production (namely Ir, Os, Rh, and Ru) also produced by South Africa and Russia totaled 38 t and 12 t, respectively. In South Africa, base metals, i.e., Ni and Cu, are mined as by-products of most mines or in rare cases as the principal metals that are targeted. In 2015, South Africa supplied 2.5% and less than 0.5% of the global primary supply of Ni and Cu, respectively [37, 38] .
Historically, annual PGE production has increased throughout the 20th century [9] . The overall trend of PGE production per country shows that the production rates increased until 2004/06 and started to decrease since then until 2014 ( Figure 2 ). The decline observed throughout these years can mostly be attributed to a decrease in PGE production in South Africa and to decreasing demand. Production volumes were severely affected by recent strikes in South Africa. Production losses of 34 and 12 t Pt were a consequence of the strikes in 2012 and 2014, respectively [11] . The strike in 2012 resulted in the termination of thousands of employment contracts of miners [39] . The decrease in supply from South African mines could not be eased by an increase in production elsewhere, mainly due to low Pt to Pd ratios found in other PGE mines around the world. The financial crisis in August 2007 affected the global demand for Pt. The declining demand for Pt resulted in a decrease in the Southern African production and, to a lesser extent, globally [29] . These trends emphasize the correlation of a supply that is dependent on very few primary sources and global commodity markets. The global demand is hence dependent on few providing countries and strongly influenced by the political setting in the few supplying countries. In return, the PGE-producing countries depend highly on global market conditions. Secondary sources. PGEs from secondary sources gained importance in the last two decades. At present, the most important secondary PGE sources are automotive catalytic converters for Pt and Pd, as well as jewelry for Pd. For example, in 2014 more than 100 t of PGE were recovered from catalytic converters: about 55 t of PGEs in the US, 33 t in Europe, 13 t in Japan, and 2 t in China [40] . , investment demand for Pt is contained in our "Other" estimates; before 2005, "Jewelry" and "Electrical" demand for Pt is the net of recycling, "Medical & Biomedical" is contained in "Other"; before 1986, the Pd demand of the chemical industry is contained in "Other" estimates) [18, 41] . 1975, 1980, 2005 and 1985 , respectively, to 2016 (before 1980, investment demand for Pt is contained in our "Other" estimates; before 2005, "Jewelry" and "Electrical" demand for Pt is the net of recycling, "Medical & Biomedical" is contained in "Other"; before 1986, the Pd demand of the chemical industry is contained in "Other" estimates) [18, 41] . 
Price Developments
The price of Pt in US Dollars (US$) increased relatively constantly from 1998 to 2011 (Table S1 ). Afterwards, a continuing downward trend started. In 2016, the price reached 32.1US$/g. This represents a decrease by 42% compared to the peak price in 2012. In general, the Pt price follows the gold price and thereby, more or less the global economic development [11, 19] . This effect can be seen in the impact on Pt prices following the financial crisis in August 2007.
The price of Pd also started to increase slightly in the early 2000s. Since 2009, the price increased to a larger extent each year until it peaked in 2014. Mainly two effects have influenced this price development:
• One price-influencing parameter was the continuing political crisis in the Ukraine and accordingly, the concern that economic sanctions might be enforced against Russia [11] . Currently, Russia is globally the main producer of Pd (Figure 2 ).
•
The prices were also influenced by the workers' strikes in South Africa (see Section 2.2), cf. [42, 43] .
Due to the exchange rate between the US$ and the South African Rand (ZAR), the Pt prices in ZAR steadily increased, while prices in US$ decreased after the peak in 2011 (Table S1 ).
PGE Deposits in Southern Africa
The occurrence and distribution of terrestrial PGE deposits are closely related to the occurrence of igneous provinces [44] . In the sub-continental lithospheric mantle, sulfides are the most common 
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PGE Deposits in Southern Africa
The occurrence and distribution of terrestrial PGE deposits are closely related to the occurrence of igneous provinces [44] . In the sub-continental lithospheric mantle, sulfides are the most common carriers of PGEs. The PGE content of mantle sulfides is typically three orders of magnitude higher than the concentration in bulk rock mantle peridotite [45] . This can be explained by the tendency of PGEs to concentrate in sulfide melting [46] . Therefore, the behavior of sulfur during mantle melting controls PGE distribution and concentration. Furthermore, the partition coefficient differs among PGEs (Au~Os~Ir~Ru < Pt < Rh < Pd) resulting in varying tendencies to concentrate in specific minerals [47, 48] . The PGE deposits in Southern Africa are hosted by layered mafic and ultramafic intrusions that represent solidified open-system magma chambers [44] . The mafic-ultramafic layered intrusion located in Southern Africa, named Bushveld Complex, is the largest known of its type [9] . The Great Dyke in Zimbabwe is a layered intrusion that contains the second large reserve of PGE worldwide [49] . At present, five PGE deposits are economically exploited: (1) the Merensky reef, (2) the Upper Group 2 (UG2) chromitite layer, (3) the Platreef, (4) the Main Sulfide Zone (MSZ), and (5) The Nkomati Nickel Deposit [50] .
The Bushveld Complex
The South African Bushveld Complex contains about 63,260 t of the global PGE mineral resources (90,733 t PGEs (4E)) [9] . It is about 9 km thick and extends about 450 km East-West and 350 km North-South [50, 51] . The concentration of PGEs ranges from 3 g/t to 10 g/t in ore [9, 14, 44, [52] [53] [54] (Prill splits for each section are reported in Table S2 ). The Bushveld Complex is the only location where reef-type PGE deposits (Merensky and UG2 reef type) and contact-type Cu-Ni-PGE deposits are mined. Apart from PGEs, notable quantities of Ni, Cu, Co, Cr, Au and small amounts of Ag, Sb, Bi, and Te can be recovered [55] [56] [57] [58] [59] [60] [61] .
The geographic subdivision of the Bushveld Complex into three limbs is based on the outcrop distribution of mafic and ultramafic rocks that make up the Rustenburg Layered Suite of the Bushveld Complex. The mines are located within these rocks. (Figure 3 ). The Eastern Limb can be further subdivided into the North-Eastern and South-Eastern Limbs separated by the Steelpoort lineament. Each limb is characterized by the type of reef that it contains. The Eastern and Western Limbs contain both Merensky and UG2 type reefs, while the Northern Limb contains only the Platreef type [9, 50] . The stratigraphy of the Bushveld Complex is divided into the Marginal, Lower, Critical, Main and Upper Zones. The Critical Zone is subdivided into the Lower Critical Zone and Upper Critical Zone. The Lower Critical Zone mostly consists of bronzitites, chromitites and harzburgites, whereas the Upper Critical Zone consists of norites, bronzites, chromitite, harzburgite and anorthosites [62] . The Merensky reef and UG2 can be found in the Upper Critical Zone. The concentration of PGE ranges from 0.2 g/t to 2.1 g/t, from 0.9 g/t to 5.5 g/t and from 1.2 g/t to 8 g/t in the Lower Group chromite reefs of the Lower Critical Zone, the Middle Group chromitite reefs of the Lower and Upper Critical Zone and the Upper Group chromite reefs in the Upper Critical Zone, respectively [44] .
The Merensky reef. The Merensky reef consists of pegmatoidalmelanorite (70%-90% orthopyroxene) that contains base-metal sulfides and up to four chromite seams confining the pegmatoid layer [45, 63, 64] . The melanorite is about 10 cm to 30 cm thick, whereas the chromite seams measure 1 cm to 3 cm [45] . PGEs occur in Pt-Fe alloys, Pd alloys, Pt-arsenides, laurite, Pt-Pd sulfides and Pt-Pd tellurides [44] . The distribution of these mineral groups is heterogeneous throughout the Bushveld Complex: In some sections, Pt-Pd alloys dominate, whereas in others, Pt-Pd sulfides or Pt-Pd tellurides constitute the major share of PGE-bearing minerals. The upper and lower chromitite seams differ in composition: The lower seam comprises more than 48% (by area) of Pt-Pd sulfides, whereas the upper seam is dominated by Pt-Fe alloys (>45%) [45] . The PGE concentration is highest in the upper part of the layer [65] . The occurrence of PGE elements is closely linked to the presence of Fe-Ni-Cu sulfides [44] . The PGE-bearing minerals occur enclosed in base-metal sulfides, along grain boundaries and the contact zones of sulfides and silicates or oxides [44, 63] : in 38% to 97% of occurrences, PGE-bearing minerals were found to be enclosed in or attached to base metal sulfides; the remainder are enclosed in silicates [64, 66] . The most commonly occurring base metal sulfides are pyrrhotite, pentlandite and chalcopyrite, with~40%,~30% and~15%, respectively [65, 66] . Orthopyroxene, plagioclase feldspar, clinopyroxene and phlogopite account for~60%,~20%,~15% and~5% of the silicate minerals, respectively. The most common interspersed secondary minerals are talc, serpentine, chlorite and magnetite [66] .
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account for ~60%, ~20%, ~15%and ~5% of the silicate minerals, respectively. The most common interspersed secondary minerals are talc, serpentine, chlorite and magnetite [66] . UG2 chromitite. The UG2 chromitite layer presents the largest known resource of PGE and extends from the Eastern to the Western Limb of the Bushveld complex [9, 45, 67] . The layer is situated between 20 m and 400 m below the Merensky reef and is up to 130cm thick [44, 66] . Within the layer, varying chromite mineral chemistry can be observed (e.g., an upward decrease of Mg, increase of Cr and TiO2 and changes in the Pt/Pd ratio) can be observed [68] . The content of Rh is significantly higher in the UG2 layer than in Merensky or Platreef and the UG2 layer therefore presents the major source of Rh in the Bushveld Complex. The UG2 layer contains primary magmatic PGE-bearing minerals and minerals that have been modified by secondary processes (e.g., metasomatic processes). In contrast to the Merensky reef, the UG2 layer exhibits the highest concentration of PGEs at the bottom [65] . The PGE-bearing minerals (mostly Pt sulfide, Pt-Pd sulfide, laurite, ferroplatinum, cooperite, braggite, and Pt-Rh-Cu) and discrete metals Pd, Os and Ir are heterogeneously distributed, resulting in varying concentrations of PGEs in the lateral extent [44, 45] . These minerals are often found to have formed at the boundary of chromite and sulfide grains, or enclosed in chromite, as in the case of laurite [64] . The UG2 chromitite layer is comprised of chromite (60-90 vol %), lesser silicate minerals (5-10 vol %), and plagioclase (1-10 vol %) and base metal sulfides (<0.1 vol %) [53, 69] . Chalcopyrite, pentlandite and pyrrhotite are the most common base metal sulfides [66] . These sulfides are predominantly enclosed in silicates [66] .
Platreef. The Platreef is located at the northern Limb of the Bushveld complex and is around 40 m thick [44] . The Platreef is typically mined by open pit methods, but this mining approach is limited to a depth of 500 m to 800 m, even though the Platreef continues at least to a depth of 2km [51] . The reef consists of feldspathic pyroxenite and contains base metal sulfides as well as sporadic chromite [64] . Calc-silicates and serpentinisation of pyroxenites are results of the interaction of hot magma and lime-rich rocks below the magma chamber [66] . The PGE-bearing minerals that can be found in the Platreef are isoferro platinum, sperrylite, cooperite, merenskyite and metal alloys [44, 66] . The ore grade and composition show high variation, in contrast to the Merensky reef and UG2 chromite layer [66] . In the Platreef, Pd, Os and Ir were found to occur within base metal sulfides, whereas Pt-bearing minerals were found close to alteration rims of base metal sulfides or UG2 chromitite. The UG2 chromitite layer presents the largest known resource of PGE and extends from the Eastern to the Western Limb of the Bushveld complex [9, 45, 67] . The layer is situated between 20 m and 400 m below the Merensky reef and is up to 130 cm thick [44, 66] . Within the layer, varying chromite mineral chemistry can be observed (e.g., an upward decrease of Mg, increase of Cr and TiO 2 and changes in the Pt/Pd ratio) can be observed [68] . The content of Rh is significantly higher in the UG2 layer than in Merensky or Platreef and the UG2 layer therefore presents the major source of Rh in the Bushveld Complex. The UG2 layer contains primary magmatic PGE-bearing minerals and minerals that have been modified by secondary processes (e.g., metasomatic processes). In contrast to the Merensky reef, the UG2 layer exhibits the highest concentration of PGEs at the bottom [65] . The PGE-bearing minerals (mostly Pt sulfide, Pt-Pd sulfide, laurite, ferroplatinum, cooperite, braggite, and Pt-Rh-Cu) and discrete metals Pd, Os and Ir are heterogeneously distributed, resulting in varying concentrations of PGEs in the lateral extent [44, 45] . These minerals are often found to have formed at the boundary of chromite and sulfide grains, or enclosed in chromite, as in the case of laurite [64] . The UG2 chromitite layer is comprised of chromite (60-90 vol %), lesser silicate minerals (5-10 vol %), and plagioclase (1-10 vol %) and base metal sulfides (<0.1 vol %) [53, 69] . Chalcopyrite, pentlandite and pyrrhotite are the most common base metal sulfides [66] . These sulfides are predominantly enclosed in silicates [66] .
Platreef. The Platreef is located at the northern Limb of the Bushveld complex and is around 40 m thick [44] . The Platreef is typically mined by open pit methods, but this mining approach is limited to a depth of 500 m to 800 m, even though the Platreef continues at least to a depth of 2 km [51] . The reef consists of feldspathic pyroxenite and contains base metal sulfides as well as sporadic chromite [64] . Calc-silicates and serpentinisation of pyroxenites are results of the interaction of hot magma and lime-rich rocks below the magma chamber [66] . The PGE-bearing minerals that can be found in the Platreef are isoferro platinum, sperrylite, cooperite, merenskyite and metal alloys [44, 66] . The ore grade and composition show high variation, in contrast to the Merensky reef and UG2 chromite layer [66] . In the Platreef, Pd, Os and Ir were found to occur within base metal sulfides, whereas Pt-bearing minerals were found close to alteration rims of base metal sulfides or enclosed in quartz, plagioclase, alkali feldspar and clinopyroxene [70] .
The Nkomati Nickel Deposit. The Nkomati Nickel Deposit is hosted by the Uitkomst Complex, which is a satellite intrusion of the Bushveld Complex. The deposit is located 50 km east of the Eastern Limb of the Bushveld Complex and measures about 10 km by 800 m [43] . The mafic-ultramafic intrusion is up to 750 m thick and hosts large quantities of base-metal sulfides containing, Ni, Cu, Cr and PGE. PGEs are produced as a valuable by-product from the extraction of Ni and Cu. The lithostratigraphic units of the Uitkomst Complex are Gabbronite, Upper Pyroxenite, Periotite, Massive Chromitite, Chromititic Peridotite, Lower Peridotite and Basal Gabbro [71] . The first three constitute the Main Group whereas the latter three constitute the Basal Group. Several sulfide ore bodies are located within the lithographic zones: The Basal Mineralized Zone within the Basal Gabbro Unit, the Main Mineralized Zone within the Lower Pyroxenite Unite and an ore body of sulfides within the Chromititic Periodite Unit. Another sulfide-rich ore body (Massive Sulphide Body-MSB) lies underneath the intrusion. The concentration of PGE is highest in the MSB (>6 ppm), whereas the concentration of PGE is lower in the other zones (<1.1 ppm) [72] . The major sulfide minerals in the MSB are pyrrhotite, chalcopyrite and pentlandite; the major PGE-bearing minerals are merenskyite, michenerite and sperrylite [71] . PGEs are either found to be enclosed in minerals (mostly in pyrrhotite) or along grain boundaries (mostly pyrrhotite-pyrrhotite, pyrrhotite-magnetite and pyrrhotite-silicate) [73] .
The Great Dyke
The Great Dyke is a layered intrusion in Zimbabwe that measures 480 km in length and about 8 km in width. The PGE deposit is a Merensky reef-type deposit and it comprises about 8679 t of the global PGE mineral resources [9] . It extends in a North to North-West direction and is composed of the Musengezi, Hartley, Selukwe and Wedza Complexes [74, 75] . This intrusion is characterized by extensive, laterally continuous thin layers of mafic (gabbronorite) and ultramafic rocks (dunite, harzburgite and bronzite) [44] . The Great Dyke contains up to 7% sulfide and the base metal sulfide concentrations decline from the margin to the central axis of the Great Dyke [64] . PGEs occur at two layers, the Lower and Main Sulfide Zones (LSZ and MSZ). The LSZ is characterized by lower ore grades and is located about 30 m to 80 m below the MSZ. Currently, PGEs are economically exploited from the MSZ [49] .
The Main Sulfide Zone. The MSZ is located a few meters below the transition between the mafic and ultramafic sequences. Several distinctive layers can be found within the MSZ that exhibit varying concentrations of base metals and PGE [49] . The PGE-bearing minerals are Pt, Pd-bismuthotellurides (i.e., moncheite, maslovite and michenerite), sperrylite, cooperite and braggite, and sulfarsenides. The occurrence of these minerals differs locally: in the North chamber, mostly sulfarsenides and arsenides occur (77% in occurrence number), whereas predominantly bismuthotellurides and sulfides occur (50%) in the South chamber [75] . Again, the PGE minerals can be found at contact zones of sulfide-sulfide and sulfide-silicate. Oberthür et al. [75] assessed PGEs of the MSZ and found that about two thirds of Pt is hosted in platinum-group minerals, whereas Pd (and other PGEs) are mostly found in other compounds, e.g., Pd in pentlandite. This implies that different metallurgical treatments are needed to achieve high PGE recoveries [49, 75] .
Results

Production in Southern Africa
In Southern Africa, a complex industry manages the extraction of ore and the production of refined PGEs. At present, South Africa has four integrated primary Pt producers: Anglo American Platinum Corporation Ltd. [76] , Impala Platinum Holding Ltd. [77] , Lonmin Plc. [78] , and Northam Platinum Ltd. [79] .
The first three companies are the largest producers of platinum in the world [80] . Additionally, numerous smaller companies operate facilities along the overall production chain, such as single mines, concentrators or tailing retreatment facilities (e.g., Aberdeen International Inc. [ [90] ). In general, the facilities can be differentiated into primary PGE mines, chromite tailings recovery and PGE tailings recovery, depending on the primary product being mined or produced. PGEs are often contained in ores with Ni and Cu that are simultaneously processed to increase the overall profitability. PGEs can either be the main product of PGE mines or the byproducts of Ni-Cu mines [16] . An overview of the production of PGE in Southern Africa in 2015 by all these companies is given in Table 1 (Data tables for 2010 to 2014 can be found in  Tables S3-S7) .
Most of the PGE mines under operation in South Africa run at a depth between 500 m and 2000 m [91] . Among all the mines, underground mining presents the most common technique, whereas open pit mining accounts for a minor share of production. Nevertheless, the share of open pit mining increased from 23% to 33% of processed material from 2010 to 2015.
Mines in the Western section of the Bushveld Complex have a Pt to Pd ratio of two and above, indicating the processing of Merensky ore. In contrast, mines mostly processing UG2 and MSZ deliver a smaller ratio of Pt to Pd. Furthermore, the processing of Platreef ore yields higher quantities of the base metals Ni and Cu. For example, the Mogolakwena open-cut mine, located in the Northern Limb, processes the highest quantities of ore and delivers the highest quantities of base metals among all the mines. Still, the total delivered quantity of PGEs is lower than in the other mines (i.e., Marikana (Lonmin), Impala Rustenburg, Kroondal). The latter three mines deliver about one third of the total PGE production in Southern Africa (Figure 4 ). Compared to this, all other mines only contribute a (very) minor share to the total production. In 2015, several smaller mines were put on care and maintenance, often due to the demanding market environment. Several of these mines were operating between 2010 and 2014 (and before).
The total production of PGEs decreased since 2011 until it started to increase again in 2014 ( Figure 5 (Underlying data can be found in Table S8) ). At the moment, UG2 presents the dominant ore type that is processed. The change in processing volumes of a specific ore as consequence of a change in total production following the low production in 2014 is the highest in the case of UG2, in absolute terms; the processing of Merensky and UG2 increased by about 12 and 24 Million t/a of material, respectively. This is a 2.5-fold increase in the case of the processing of Merensky ore, whereas the processing of UG2 ore only increased by a factor of 0.5.
The head grade steadily decreased in recent years in the Great Dyke and remained more or less stable in all sections of the Bushveld Complex ( Figure 6 ). Companies reported head grades either for 6E and 4E PGE. The average head grades among all the mines and tailings treatment facilities between 2010 and 2015 were 3.58 g 6E/t and 3.40 g 4E/t. The data was compiled on an individual mine basis and it reflects the processed head grade per mine and the respective production volume (Table 1, Tables S3-S7, S9) . Earlier studies report a strongly declining trend over a longer period of time [92] . A declining trend in ore grade will affect the effort required to produce PGEs, production costs, as well as the environmental performance of PGE production (see part II [17] ). No information available MSZ Platreef UG2 Merensky Total PGE production Figure 5 . Processed ore types, total 6E PGE production (a) and share of milled ore type (b). Values of individual mine and element were estimated by multiplying the share of the respective mine's total PGE production of the company's total PGE production by the company's production of the respective individual element. e 4E production quantities were estimated based on two quarterly reports that reported production values. Therefore, the sum of single elements and total 4E production might differ. f Production quantities of individual elements for each mine were obtained by multiplying the share of individual metal quantities delivered in concentrate for each mine and for the whole company by the company's total production for each element. Additionally, production costs are driven by labor costs and the costs of the materials and services required. The costs of mining inputs have increased at a rapid pace in recent years ( Figure  7 ). Labor and energy costs are dependent on national regulations, contracts and agreements, while the prices of diesel and steel follow typically along international markets. From 2008 to 2014, the overall production price index increased by 6.9%/a. In recent years, several strikes affected the South African PGE mining industry, resulting in significant decreases in production and increasing costs. Additionally, production costs are driven by labor costs and the costs of the materials and services required. The costs of mining inputs have increased at a rapid pace in recent years ( Figure 7 ). Labor and energy costs are dependent on national regulations, contracts and agreements, while the prices of diesel and steel follow typically along international markets. From 2008 to 2014, the overall production price index increased by 6.9%/a. In recent years, several strikes affected the South African PGE mining industry, resulting in significant decreases in production and increasing costs. Additionally, production costs are driven by labor costs and the costs of the materials and services required. The costs of mining inputs have increased at a rapid pace in recent years ( Figure  7 ). Labor and energy costs are dependent on national regulations, contracts and agreements, while the prices of diesel and steel follow typically along international markets. From 2008 to 2014, the overall production price index increased by 6.9%/a. In recent years, several strikes affected the South African PGE mining industry, resulting in significant decreases in production and increasing costs. 
Synthesis of Market Data and Production Statistics
A conflation of marked trends and production data reveals that the basket price of 6E PGE has decreased significantly in recent years ( Figure 8 ). The basket price presents the value of each ton of ore that is hoisted. It is derived from previously presented production data for individual mines, such as ore grades, processed ore types, production quantities, prill splits (Table S2 , the market prices for the 4E PGEs; Ru, Ir, and Cr are not considered in the basket, as prill splits for each reef type at each location are reported in 4E. These minerals only contribute to a minor share of the basket price) and the base metals Ni and Cu, as well as the exchange rates between US$ and ZAR. The resulting basket price considers specific ore types from each location in Southern Africa for each year between 2010 and 2015. This synthesis of all previous findings and analyzed data indicates a substantial decrease in the basket prices in US$ per metric ton of ore. Again, as observed in Figure S1 , the price decreases from 2010 to 2015 were alleviated by the exchange rate of US$ to ZAR: in US$, the decrease in price amounted to 31%, while the basket price in ZAR increased by 20%.
Base metals present an additional source of revenue from PGE mining. The value of Ni and Cu contained in the hoisted ore dropped from 35 to 19 US$ per ton of ore in 2010 and 2015, respectively. This is due to the decrease in prices of Ni and Cu by 45% and 21%, respectively. The value of Ni and Cu accounted for less than 20% of the total value of each ton of ore, considering base metals and 4E PGEs in the period from 2010 to 2015.
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A conflation of marked trends and production data reveals that the basket price of 6E PGE has decreased significantly in recent years ( Figure 8 ). The basket price presents the value of each ton of ore that is hoisted. It is derived from previously presented production data for individual mines, such as ore grades, processed ore types, production quantities, prill splits (Table S2 , the market prices for the 4E PGEs; Ru, Ir, and Cr are not considered in the basket, as prill splits for each reef type at each location are reported in 4E. These minerals only contribute to a minor share of the basket price) and the base metals Ni and Cu, as well as the exchange rates between US$ and ZAR. The resulting basket price considers specific ore types from each location in Southern Africa for each year between 2010 and 2015. This synthesis of all previous findings and analyzed data indicates a substantial decrease in the basket prices in US$ per metric ton of ore. Again, as observed in Figure  S1 , the price decreases from 2010 to 2015 were alleviated by the exchange rate of US$ to ZAR: in US$, the decrease in price amounted to 31%, while the basket price in ZAR increased by 20%.
Base metals present an additional source of revenue from PGE mining. The value of Ni and Cu contained in the hoisted ore dropped from 35 to 19 US$ per ton of ore in 2010 and 2015, respectively. This is due to the decrease in prices of Ni and Cu by 45% and 21%, respectively. The value of Ni and Cu accounted for less than 20% of the total value of each ton of ore, considering base metals and 4E PGEs in the period from 2010 to 2015. 
Discussion
The presented data for demand, prices and mining production from 2010 to 2015 provide important insights into recent trends in the PGE production in Southern Africa. The mining data and ore specifications reported predominantly originate from industry sources. The assessed data suggests that the Pt mining industry has faced challenging market conditions in recent years mainly for three reasons: 
The presented data for demand, prices and mining production from 2010 to 2015 provide important insights into recent trends in the PGE production in Southern Africa. The mining data and ore specifications reported predominantly originate from industry sources. The assessed data suggests that the Pt mining industry has faced challenging market conditions in recent years mainly for three reasons:
1.
Unfavorable market conditions. After years of growing demand and increasing price, a peak in price and production was reached. This development was caused by an increase in secondary Pt and Pd production (recycling) while the rapid increase in demand that took place in the last decade slowed down due to weakening demand from the automotive industry and jewelry market. As Pt can be substituted (at least to some extent) by Pd in several applications, such as catalysts, a substitution of Pt by Pd is likely to be promoted by the lower price of Pd. In 2015, the situation appeared to improve slightly due to increasing demands for Pt. Still, the price of Pt in US$ remains clearly below its peak in 2011. The impact of falling prices was alleviated by the exchange rate of US$ to ZAR. The weak ZAR is likely to influence the rate of capacity development (at least in the short term). Several factors suggest that the PGE market will be more sensitive to price excursions in the future. One reason is inevitably the high concentration of PGE supply on a single country, i.e., South Africa. 2.
In the long-term perspective, declining ore grade and the processing of less favorable UG2 ore. The analysis of data shows stable ore grades in most sections of the Bushveld Complex. Nevertheless, studies report declining ore grades in the long term [9, 92] . The assessed data furthermore reveals that UG2 presents the most processed ore type, whereas the share of Merensky decreased slightly until 2014. UG2 ore tends to have lower ore grades and the processing of UG2 ore is more complicated due to the high chromite content of the ore, and the required higher smelting temperatures, which requires more energy for processing [50] . 3.
disruption of production and increase in production costs. The Southern African mining industry faced severe strikes in 2012 and 2014 resulting in the loss of lives, cancelation of thousands of working contracts, increasing costs and a strong decline in production volumes. Apart from loss in production, the disruption of Pt supply might have raised concerns with investors and importing countries [43, 134] . The increase in production inputs combined with the need of hoisting and processing larger quantities of material will ultimately increase production costs.
These factors resulted in the closure of several less profitable mines. Two aspects will mainly affect the Southern African PGE industry in future:
1.
Future PGE demand. The demand for Pt and Pd is strongly dependent on environmental policies in the automotive sector. The demand is likely to increase in the future due to the introduction of automotive exhaust catalysts in many regions of the world and an increasing demand for cars as well as, in the long-term, by a promotion of fuel cell technology, even though it has to be kept in mind that the rise of electric vehicles in China, the United States and Europe might decrease the use of automotive exhaust catalysts (see Section 2.1).
2.
The role of secondary PGE production. The increase in demand will eventually increase the importance of secondary Pt and Pd. Currently, only about a quarter of Pt demand is covered by recycling. This share can be expected to increase when higher prices promise higher revenues, with regard to technological improvements in the recycling process and the establishment of an appropriate infrastructure for the collection and treatment of recycling material. Past developments show a steady increase in recycling, which will eventually compete with primary PGE production. A compound annual growth rate (CAGRs) of 2.9 is expected for light duty vehicle production in the upcoming decade [20] . This growth rate exceeds the CAGR of primary PGE production (see Section 2.1). Thus, even considering technical improvements that result in a lower Pt loading of exhaust gas catalytic converters, recycling is required to fulfil the demand. In the long term, when more fuel-cell-driven vehicles enter the market, recycling rates and available stocks might not be sufficient to follow the increase in demand, unless the share of electric vehicles is capable of filling this gap. As a consequence, primary production will remain an important source of PGEs.
Future estimates of demand, primary production and recycling, based on CAGRs of 0.4, 1.7 and 3.3%/a for primary production, recycling and demand of Pt, respectively (see Section 2.1), indicate a supply gap in the near future ( Figure 9 ). This supply gap will eventually be closed by recycling or primary production, depending on profitability and availability of secondary material. With regards to existing infrastructure, the primary PGE industry is most likely to close the supply gap, provided adequate prices are achieved. Future supply of PGEs will be based upon the four founding pillars: technical, environmental, social and economic aspects, rather than on the latest alone. At present, economic aspects have the major influence on current global PGE production but technological advances, social and political frameworks and environmental conditions and regulations targeting them will highly influence the demand and supply of PGEs. primary production, depending on profitability and availability of secondary material. With regards to existing infrastructure, the primary PGE industry is most likely to close the supply gap, provided adequate prices are achieved. Future supply of PGEs will be based upon the four founding pillars: technical, environmental, social and economic aspects, rather than on the latest alone. At present, economic aspects have the major influence on current global PGE production but technological advances, social and political frameworks and environmental conditions and regulations targeting them will highly influence the demand and supply of PGEs. estimates by Jolie [15] . Dashed lines present a deviation of the respective CAGR by ±1%-points.
Conclusions
Southern Africa supplies most of the global PGE demand so far. The assessed data reveal that the Southern African mining industry faces challenging conditions. The combination of increasing costs, tightening market conditions and decreasing ore grades (in the long term) present major challenges that need to be addressed. The data provided in this article, such as production data per mine, as well as ore grades and production volumes can be used for further assessment of the Southern African PGE industry in regards to economic, environmental and social aspects. An assessment of the environmental implications and effects of PGE mining in Southern Africa based on this data is presented in part II of this paper series ( [17] ).
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